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Arrl/a.t Forest structure strongly influences anbiont environmeDtal conditions such
as lighl and tcmperature, but mos! studies on habitat selection bv mobilc organisms have
either ignored canopy structure or reated it as a dichotodous vdiable (e 8. 

"shadv or
"sunnli'). Furthermore. tbe predominance of acdve diurnal species as model organisms in
such studies has lefttuany unansw€red quesrions aboutthe importance ofvegetalion ielatcd
variables fornocturnal and s€derta.y species (e.9., what does "shade mean to an organrsm
that moves at niSht and sits in a cave all day?). We used hemispherical photograPhy to
quantify canopy structure and examine its role in determinirg tie thermal microenviron
m€lts available to a rock-dwelling nocturnal sn ke \HoplacePhalus buhSaroides) actoss
1wo different spalial scales. Tho n ow plate.us inhabjted by the snakes in southeastcrn
Australia are highly heterogeneous with respectto vegetarion:easi_tacing aspects ared€nse-
]y covered whereas wost-facing aspects arc patchy mosaics We found that temperatur€s 'f

iotential reircat sircs increased with indeasing cano!] olenness, but the de6nitive deter
minani of rereat-site temperature tAs incident radiation intensity. which depended upot
the locarion of canopy gaps relative to the sun prth. This factor resricted the stakes to
weslfrcing cliff tops, and there olly !o an optimal subset of rocks that rcceived adequate
iradiancc. Moreover, thermal regimes of retreat sitos displayed higher rnaxina and wcre
evening shifted relative to randomly sampled rocks in the same nrea. Our iesults suggest
thar therdally suitablo retrea! sites are a limiting resource, and that local incre'rses rn
vegelaiion density mighr contribute to the decline of this cndangered species.

Ker words: .ontetealian MnaPen.nt: e.tothem; .ndansere.l sl.ci.s: fre regine; Hapro.e'
phalus bungaroidesr /8,trpl. rical phat.gftphr; hhtori.|lvegetalionchan!?: Ner SouthWal.s,Aus
tralio; patch heteroseneitr: retftat site; themorequlati.n
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INRoDUcrroN

Vegetation density is a dynaftic habitat character-
istic. and changes i! this variable will lrompt cbanges
in otber babitat attributes such as light intensily, ar
ard ground temperalues, wind speed,4dretuge av'il
ability. Historically, vegetation changes have been
dr i \en b)  .  l ,na,e.  hange. .  $ r lL l t t . .  t runr l  e \ . in \ r iun '
and an, l ' r .pogelrc  land.(ape m.dincar ion.  fh(  Pe^i .
tence of these factors, in addition to the more recent
anthropogeric increase ln atnospheric CO, (Betts et
al. 1997). promise thaL shlfls in vcgetalion deNity will
condnue. Although there has becn a greal deal of re-
search on vegetrtion dynamics (Miles 1979. Tallit
1991. Whitlock and B atleiD L 997), there are tcwe. data
on how these chaDges migbt affect nalive fauna.

Theory predicts thar in a directionally shifting en
vironment, a potulation must adaPt genelically, lrack
its enviroDment spariauy. or go extinct (Peasc et al
1989). Sone observational evidence $tpports tLis !re'
d cr ion:  lorg iern Judre hJ\(  imn icd.ed ch"nge.  i r

Manuscri rcccired 5 Aususr 2002: rcliscd 30Jdnuary2003i
accetred 2 Febra4 2003. CoftsFndi.s Edior: C Nlannrczdel

rPresent addrcss: Sl. John s Collegc, Universil] or Or
ford, Oxford OXl 3JP UK.

r Cofiesponding .uthor E mail: rics@bio.usyd.cdu atr

vegetation density in the local extitctio.s and emrgra-
tions of various populations (Fitch 1999, Holmes and
shery 2001). However, species witb high habitat s!ec-
ificity od small ranges may nol be able to emigrate
successfully, and locat extinction may thus be tanta
mount to species exlincrion.

Because thc ecology and physiology oi ectotherms
depend on the thermal attributes ol their habitat (Huey
1982. 1991, Huey and Kingsolver 1989). they may be
particularly sensitive to the thermal consequen.es of
changes in habira! srfucrure. Numerous studies on hab
irar selectio! by actile diurnal ectolherms have con
firmed the imporiance of habitar sruclure in creating
olportuDides for basking and other forfts ofbehavioral
thermoregqlation (for recert exahPles, see Hertz ct al.
1994, Virr er al. 1997,Litzgus and Brooks 2000,Bryan!
et al. 2002). Howeler, li(le attention has been paid to
the role ofhabitat srncturc in deternining rhe thermal
attributes of retreat sites used by sedentary and/or noc-
rurnal ectothcrns (bur see Huey et al. 1989, Kearney
.)002/ .  Ihr . . i r '  dr inn .  ror  rc .bc!aL\erhe.e^r t1ni .m.
cannot blik rnd are less mobile in response to thernal
cucs. Thus. the long-tern costs of aDy mistakes"
made with reslecr ro habitat selection will be severe.
For example. iian individual chooses a reireai sjrc thdt
approlches irs crilical rherftal maxiDum during the
day. then it will have 1o move. thereby exPending er



THERMAL EFFECTS OF CANOPY STRUCTURE 2669

F(;. l. Broad spatial variation in pLateau habitat nr NIortoD National P!rr, A!{rdi., qiih rcprcscntative hemispherical
pholographs. Exfoli.ted sandstone rocls are abundanL on borl' (A. B) castcrly and (C. D) weslerly ctifi tops, but lhe lv.
sides dilfer subuntially in vegetalion de.sirt

ergy and exposing itself 1o predators. Aiternatively. if
Lhe retreat sire is too cold, physiological pedorDarcc
(and even survival) may suffer

Despile fte widely cited imlo|tancc ofvcgctation as
a snuctural characterisric of habitai (tlcanvole 1977,
ReiDe|t 1984. OriaDs lDd WittcDberger l99l). nosL
{ u o r c \  o n  h J t ' r l  r l  . r . e ( l i u r '  l - \ (  r i  l r  r ;  ' ^ r r d  . e  .
tatidn or trcatcd it vaguely. Thir is pdtly because rL 's
diffculr to quantily vcgciation density in a given area.
H o s . ' e r  i r . r c J  i r e l )  !  c . i . r ' r . \ n i q , , e \  r ^  - r  r 1 . ' r r
caroly structlrrc ard related vrrirbles (Barie et .1.
1990, Frazer et al. 1999) Fovide a solution to lhis

we tr\ed henispherical pbotography and Sapanalysis
Lo investigate lhe role of canopy structurc in dctcr-
tuini.g the lherdal alldbutes of fetreat sitcs tor a noc-
Ldrnal species Ghe broad he^de.l s\ake. opLo.ephdlus
bansatuid.s) in i belerogereous envirorment. Using
eristing data on the natural history ofthis spccics. we
examined patterns ofretreat sire choice with rcspcct 10
legetatio. across both broad (mlcrohabitat) and nll
row (microhabitat slatial scales to ark how vegetaLion
i luences habitat availability lor this eldangered spe

cics. We then exlralolaled from rhese findiDgs to sug
gcst ans{,ers 10 the questions:would a gradual iticrclsc
in vcgetdtiotr density threalen the suNival of tl s spc'
cies. and if $. can lbe habital be ma!.ged cllcctrvely
ro trevenL its extinctio!?

MErHoDs

Stutl! orcd antl sp..ies

Onr srudy !v.s colducted iD MortoD National Park
-160 km south ofSydDcy, Austulia. The drer is dom-
imted by evergfecD hcadrland vegetatiol and eucalypt
forest: E!.?/)?rrs gumrLiferu. Eucolrptu! dgsbh.r
ata- SJncarpia Elontlilira. rnl ad,nJia spp. wefe
common at our siles. A series of flat topped plateaus
ol -400 ft elevarnr traverse the park liom south to
nodr. edged by well defined steep clifti oD cithcr side.
Easr-facing (herealrer easterly) and west tachg ([cre-
aftcr {,esterl}) ridges rre sin'llar geologically. but cast
erly ridges generally have denser veSetation, whcreas
westerly ridges arc nros.ics ofvarying legetation covcf
(F ig.  I  ) .

Hn?lo..fialus bungdrcideris ! snall (<90 cm total
lergth) snake of thc ilmily Ellpidae thaL occu^ only



2610 ROBERT M, PR]NCLE ET AI-. E(ulu!]. Vul. 84. No. 0

oD sandstone outcrops wlthin 250 kn ofSydney (Cog-

8cr  20001.  Al r l ,ouS\  i . .  .unbpr '  hrve dr ,  ineJ n , . -
ccnt ycaN (shine et al. 1998, Golding.y and Newell
2000. Webb and ShiDe 2000. Webb er al. 2002r). his,
torical evidence suggcsts that the species h.s long been
confined to a small geogralhic range (Krefft 1869).
The populatioD exanincd hcrc has been fte subject of
a long-term .adiotclcmctry and mark recapture study.
and its ecology ald liie history are descibed in delail
e . e $ l - c , e ' w e b . d l d  s h r n c  l o o 8 " '  l h i " \ p { i e .  r . , 1
e . r e m -  d , a b u . h  t , c J r r u r .  o l . c  '  r c n J i n i n g  $  i . \ i  , . '  : n

r l r  r r r  e .  t .  "  lone a.  uur  u cc l .  Jnd f rc)  r '  8  on
smalL ieptiles and hamnal\ drat erter thc rctrcrts. It
i \  J l 'o  d ,he mop\ i loJ. .pp. 'p . .  rh.  " ' .  .  - \ f '  ,  ncr ' r .
have shown thal it vohntarily selecls body tempeu-
tures betweer 28.1"  and 3 l . l 'C and tha!  i$  physio log-
ical performance is posirively cofelated with tcmpcr
ature (Webb and Shine 19980). Dunng the coldcr
monfis of the year (Aprll Novenber). broadheadcd
. , 'Jk! ,  .he l 'er  unde e\ to l . r ,pJ ,^ ,1.  JnJ in  . re\ r rc \
in sardstonc outcrops. During mmer, most individ-
tul\ migrate liom thc outcrops and shelier wilhh hol-
low trees (Webb and Shfic 1997r). Individuals deo
onstrate strong siLe ndelity, oftcn returniDg to the same
rocks over severai conlecutive ycds (Webb ard Shine
19974). However, despite thcsc rclatlle]y long range
migrarions (rp ro I krn) and the coDrparable distances
between easLerly and weslerly clifis (150 m to 2 kDi
Fig. 2). teleoetered individuals hale nevcr becD ob
served sheliering under rockr on the elsterly clilftops
(1. K. Webb. uflpublishe.l .lata).

Fouf replicale study sites were chosen on two !d
jacent tlaleaus 4 km alart (Fig. 2). Each site consisLed
of .r 100 x 15 D traNect on the easterly clill lot and
another on its westerly counterp.rt. At sites I-3. traD-
sects were locatcd directly opposite each olher acrors
the plateau. but at sitc 4, reptile collectors had exLen-
sively disturbed thc cliits opposite our e.sterly transect
so we shilled 1be weslcrly transect ro the south (Fig.
2\ .  H.v e\e, .  in  no Jd.r  J . r  rhc dr '  . ,  r .e  oc '$(en I  pr ' r
of traNects exceed I km. which is thc naximum dis
persal distance observed during this specics seasonal
migririons. Thus, rbe earterly ridgciops could have
been reacbed and colonizedby thc srakcs. The rumber
of potential habirat rccks (dellned as all rocks >20 cm
in length, <20 cn in thickness. and lying flush oD solid
rock substrater Webb and Shine l99lj.) was cstimatcd
ibr cach traDsecr by counling and neasu.ing all rocks
witl n two fandon y selected l 0 r 5 n ploLs. Estimates
ot rcptile abuDdanceand diverslty in ea.htranse.t were
made by ! systcmatic sweep in whlch all rocks were
tuDed and dimals were scored as either "aclive/bNk-

ing" or "shettering." All maniptrlated rocks were .e-
placed prcciscly in thel original locations.

M, n u ' ,  n ,  nt ,  , , t ,  rn . t  \  .o ,  e,  da |  , tErn 'at  rc ln,  .

At each site, l0 rocks wcrc selected randomly (bnt
using the crireria preliourly dcscribcd) on both the

FIc. 2. Location of our sludy silcs in Morton National
Park, sonthe.stern Austrrlia. Each sne consisted of a 100-n
transcct on the easerly side and an opposing 100 m trnnsect
on the {est side. Rectanglcs indicatc thc location ofsnes on
the plaieaus (top left comer) lnd the four lopoeraphi.d nrxps
("unbes 1 4) sho! rhe exlct localions of the 100-n rran-
se.s Golid brs) on the pllredu\. Topographical naps sirow
( t r ' . o r r . r  i ' r ' . d l  . l l l  . e g e ' . r o r  J r  l i ' c r l

easterly and wcstcrly sidcs. .nd aDothe. set of rocks
l l  n  \ r  \ ( . r r ,  \  . iJe.  ucrc sc lccrcd bc.Ju e .he)
were known to have been lse<t by H. bunSaroides ll.
K. \yebb. unpublisht.l .lara). ln subsequent analyses.
roc\ \  $ere f - . rppd . ' . ,  ̂ ,J ,  !  r ,  rh<r , l  r r . !  (eu, i ( .
r e x r p r ) .  v c . r c r l ) . .  1 n . , - , ,  .  ( d  . i ' ( )  I n c . l r n e n -
slons of each rock and ils distance to the clitT cdgc
were tneasured, and a sftxll thenDal dlta loggcr (ThcF
mochron iButton by Dallas Sehiconductor, Dallas,
Texas, USAI dianerer l5 mn. heighL 6 tun) wa\ glued
to the centef ofthe underside oflherock.'fhe rock war
theD rc!laccd in its orieinal position. Thethermochrons
record€d the tcDrpcrature every 10 mirutes for one
cloudloss 2,1-h lcriod (midnight to niidnigho before
being retrielcd. Tcmpcratures were sampled on 5 May
2002 (tiNiplatcau) aDd 12 May 2002 Gecond platean).
Temperatures liom both plateaus were later erouped

Cxnofy cover and iDcidcnt radiation were estimated
for each rock using hemislhoricalphotogralhy ard eip
analysis (Frazer eI rl. 1999). A Nikon Coolpjx 995

E Low heath
E open forest
E cbsed forest
H Sandstone cliffs

t '

It
a ! . \4tr

m Sandstone plateaus

- 100-m transect
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digilal cahera with Nikon FC E8 fisheye convenerwas
used to take hemispherical lhotogralhs. The camera
was mounted pointing upward on a snall blpod (18
cm rall), placed atop the rock. oriented to magretrc
north, and leveled using a doss-check level. Aperture
and ISO sensitivity were held constant. All exposures
used the camera\ self-timer to ninimize camera shake
and were recorded iD black and whire to minimize chro-
natic aberatiotr (Fraz€r et dl. 2001).

Erp e itue nta I . ahop! manipulation

To investigate the effects of vegeranon cleadrg on
habirat themal regime, a nearby outcro! wds selected
where overhanginS vegetation hld shaded potertial
habilat rocks. Sixteen rocks w€re randonly allocated
to control (a = 8) and experimental (r : 8) sroups.
Rock dimensions, their diel thermal regimes. and lheir
canopy covem were measurcd on l0 May as previonsly
described. Accessible branches and scrub weie then
rihmed from above the experitrenlal rocks, whereas
rhe vegeianon above conlrol rocks was not changcd.
"Afrer" photos were taken to quanrify change to the
canoly. end temperature data were recorded over an-
other cloudless 24-h period (12 Mai) before the ther'
mochrons were rerieved.

Analtsis

Hemispherical photographs were broken down into
binary bitmals (black, canopyr while, sky) and weie
analyzed using Gap Light AnalyzerVersion 2.0 (GLA:
Frazer et al. 1999). The prcgram estimates lercent can-
opy olenness. plots the sun's path, and uses eeograPh-
ical and scasonal data 1o produce estimates ofincident
radiatio! inteDsity per day (in units of negajoulcs per
square meter ler da)). Because our saDple of known
habirat rocks had been trsed by snakes at various times
from April to Novenber. comparisons betweeD habitat
rocks and randornly sampled rocks used a s gle es'
timate ofmean incident radiation intensity ler day over
lhal eighl-nonth period. Howcver forcomparisons that
inrolved remperature. an estinute was calcuiated fof
the day otr which the thermal regime was sampled.
Temperature data were downloaded Iroh rheimo.h.ons
and used 1o create two indices of thermal quality for
each rock. The fi6t was simply the average of ttte 144
temperature readings taken ovei the course of the 24
hour sampliDg period. However, it has been suggestcd
that high body temperiuures at dnsk (defined as the
two hour period rround sunseo are impotant to these
snakes. b€cause their nocturnal prey are most active
.tnring this time an.l higir body temperatures may in'
crease pr€dation success (webb and Shnre 1998r).
Th!s. avcrage dusk lenperature was also used as a
poteDtially more biologically meuingtul estinate of

All stalistical analyses were performed on Slatview
5.0 for ihe Macintosh (SAS Institute 1998). Unpaired
r lesls were used to make broad comParisons between

easterly and westerly ciiff tops. Two faotor ANOVA
and ANCOVA (with slte and rock catcgory as iactort
werc used forconparisons between our three rock cat
cSor ie.  un e. ,  ^ ,hnqi \e \ 'arcd.  Tule.  .  h^ne\ . ly  . I

nificant difference test (hsd) was used formulliplecom
parisons betweenthesc categories. Priorto all analyscs.
data were examined for liolations or assumptions. a
tests and Kolmogoroa smirnov tesls were trsed to
check for bererogeneity of variance an d non-normahty,
respecrilely. In cases in wlich data did not conform

,to the assunpiior ofhomogcnous variances,log tians
lotmation was uscd to retuole hereroscedasttctty.
When a covariate was used, we verified that the slope
of the rclationship betweer the covariate and the de-
pendcnt va able was homogenous prior to eliminating
interaction terms. Results of slaiistical tests were con
sidered significant ai P < 0.05. Desciltive statisLics
dre rcpuf leJ a\  ne1n.  :  .  rn  e. .  ' rdreJ orherqi 'e .

REsuLTs

Site characteristics

Rock densily was higher on oasterly (0.60 I 0.12
rocks/m'�) than onwesterly (0.33 10.04rocks/nr) tran
sects. Despile nonrandom sampling oi rocks wlth re
slect to size, rebeat site rocks wcre signi ncattly longer
and wider than randomly sampled rocks on both tran
sects at every site (Table l). This variation presumably
arose because we delibcrately set the lower bounds of
our sample equal to the nininnm dimensiors over ob-
served in a retreat-si1e rock. Rock thickness varied
withiD and among sites, and there were !o signincaiit
ditbrences anong groups. Thorough searches of the
transects revealed thit weslerly transecls supported a
strikingly higher abundance and diversity ol reptiles
than did easterly lransects (Tablc 2). Both ol these dif
tercnces were sraristically significant (, = -5.28. df =

6. P = 0.002 for nnmber of individual reptiles, and t
- 5.55. df : 6, P = 0.001 tbr nu$ber of species).
lnlereslingly. all specics represented on lhe easi€rly
cliff tops are diumal active turagen, whereas the spe-
cies occuriDg on the weslerly cliff tops emPloy a va-
riety of activity pltte|ns and foraging strategies.

Ca4opt tuvt and themal ksi,res

The mean characteristics ofour Lhree rockcategones
are sunmarized iD Tablc l� Analysis of hemisphcical

thotographs revealed sub\tantial differences in canopy
cover among caregorjes (Fig. 3: 4s = 65.56. P <
0.000i). Tukey's posl hoc comparisoDs showed rhat
canopy cover was rignificantly less dense (.I' < 0.05)
on the westerly fansects rhan on the olsterly tansects
and that the known relreal sites had marginally less (P
- 0.05) canopy cover than randomly saFpled rocks or
the westcrly side. In lwo cases, thcre were significart
ditercnces beLween individual sites.

Transhi(ed radiation inicnsiry also differed signit:
icandy according lo aspect (Fig. 31 4.$ = 76.88. P <
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TABLtr l. Characterislics (mean i 1 sD) of sanplcd rccks according lo calesorv

Ro.k category

Radiadon inlensity (MJ n 1d )
24-h averaee lcnper.ture ('C)
Dlsk avense bnperature ('c) 22 -  2.0

0.0001)i westerly rocks .eceived more radiaiion than
easterly rocks. and relreat sites received nore thnn rhe
average rock on lhe westerly lrmsecls (Tukey\ hsd.
all P's < 0.05). There were no differences in neaD
radiation idrensity among sites. Prcdiclably, canopy
openness was a major determinaDt of bAnsmitte.l ra-
diation intensity. witb some scati€r due to the locaiion
of canopy gaps relalive to the path of Lhe sun (Fig. 4r
,: 107 sampledrocks, / = 0.89. P < 0-0001). C4topJ
openness and radiatioD inteDsitl decreased slighdl but
nonsigniicanlly with distance fton the cliffedge (t =

lO7\ r = 0.16, P = 0.09 for caropy opetness, and I
= 0.15, P : 0.12lbr transhirted radiation), bltftetreat
sites were significantly closer ro the clitT edge than
were random rocks on the westerly side (one-factor
ANOVAi a,6 = 7.15,  P = 0.01) .

Bolh indices of thermal quality also laried signili-
cantty among rock categoiies (Fig. 5i I',.$ = 5:1.42. P
< 0.0001 lbr averAge 2:1 h tcmPeraLure, a:e5 = 128 79.
P < 0.0001 for average dusk temperature). RaDdom
westcrly iocks weie warmer lhan easterly rocks, and
retreat sites were warmest of all (Tukey\ hsd, ail P\
'  0 .05)  Mean remperu ' ! tes a i \ .  vdr ieo Dcrse(-  i r '

dividual si|es. Radiation intensity. as estimated by the
GLA software. wat a major detcrminan t or tempcrature
(Fig.6 i  a  = 107.  r :0 .69,  P < 0.0001 for  24-h ten '

l e r a t u r e :  ,  =  1 0 1 , r = O - 7 4 .  P < 0 . 0 0 0 1  f o r  d u s k
Enperature). and it was a more sccurate predtct'f or
a porenrial rctreat site's temlcrature than was canopy
openness pcr se (': 0.57 for 24-h temperature and t
: 0.66 for dusk temperaturc). Rock dimensions had no
signilicant erect upon either 24-h or dusk tehperature
averagos i! an ANCOVA (ANCOVA with tenperaturc
as rhe dependent vdiable and rock length, widih. and
thickness as covariates: all P's > 0.15).

Because of the coirelation betwcen overall canoPy
olenness and transmitted radiation intensity, more ex-

losed rocks should generauy be wumer. Howevcr de-
pending on the location of canopy gaps relative ro rhe
sun's path, there is often substotial lariation in ndi-
alion intensity (and. hence, in teftperature) cven be
tweeD rocks with eqrivalent overall canoPy openness
(Fig- 4). Thus, retreat sitc cloice should be driven by
t|ansmilted radiation intensity rather than canopy open
ness, aDd retreat sites should receive more radiation
ihan random rocks that have the same overall caropy

TatsLE 2. ReEtile abundance and dilerslty as esiinated by lhorough se.rches of each sludv site

No Bcna!-
Species individuals ror1

Site I

P seud.chis porp h, I ia.u s

H odo. e phalus bangatu i.les
Rhinaplacephalus niSres.ens

Cry ? t o b le p hans I ir :l c t u t

Rh in op Lo.. t) ha lus i kre v eN

C rypta b lephatur rit Satus

Haplacep halus bunqaroitle s

Cr.^ptobLpharw riryatus
Hop Lotep halus buudroi.le s

2 S

1 0 s
2 S
5 S

3 M
7 S
2 S

2 A
1 S

2 S

4 M
2 S

t Behdrior codes are: A, aclile/bas*i.gr S. shelrering: M, mixed b€hrliort
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Sile 1 Siie 2 Site 3 Sile 4
Location

FIc.3. vdadon .mong sites in (A) cmopy openn€ss and
(B) inciden! radiarion intensitt anong replicate sites and rock
categories. Valnes are neos + I sn.

openness. This prediction can betested with ANCOVA,
ustug fansmitted radiation nuen$ity as a delendent
vaii.ble and entering overallcanopy openners as a co-
variate to adjust for its effeci on transmirted radiation.
A homogeneity ofislopes test for an ANCOVA wlth
site atrd aspect as factois revealed several confoudirg
inreracr 'or  rerm,.  Howe\er  rhe inporr . 'nr  .o{prr ic^n
is between known and poteniialreteat sites on the west
side. When the analysis was restricted to these two
catcgories, the regression sloles were very sinilal
(0.054 lbr knowD retrcat sitcs and 0.074 lbr potennal
rctreat sites), and the differedce betweeD used and uD'
used rocks was significant (two-fdcto. ANCOVA wjth
caropy cover as the covarjate, site aDd rock category
as factors. and lransnitted radidtion intensity as the
J e p e n d ( n l  \ a i a b l ( . /  . ' -  t  . 6 t .  P  0 . 0 0 0 1 : ' e e F r g
4) .

Although the density and pattern of canopy deteF
mines lransnirted ndiation inlensily, it is not possible
io ascribe the difference in temperature between east
and west aspects ertirely ro their differing canopy cov

er If this were the case. there should be no significant
difference between aspects when the effects of mdia
r io!  i  r ren. i r )  Jre reno\ed.  Hohever rhe d i t te ,ence.  'n

temperaturc bctwccncasterly aDd wesrerly trarsecis do
not disaplcar in aD ANCOVA with radiation intensity
as a covariare (r.r.,m = 4.99. P = 0.009 for 24'h ten-
lerature lverager rc: jo - 30.22. P < 0.0001 for dusk
remperdrurc r \cra8c:  \cc F ig.6r .  Thc e(p lanJr ion i \
that our estimlte of radiltion iDtensity is in units of
megajoules per squde ncto por day lnd makes no
al lo{rn.c,  Iur  dr l fcrng radra.ron Inren. I )  in  r  gr \cn
slot over the course of the same day. Holding daily
radiation intensity conslant does nofemove the effecls
of the direct iradiance received by the westerly rocks
r$h .  h  h i \e  i l re id)  beer  .ub{a ' r ia l l )  v . ' rmed b)  r ic
ing air temperatues during Ibe day) in the houis pre
ceding dusk. Of conrse, this has less effecl when av-
eiaged over 24 h than ii does for rhe two bours ofdusk,
which explains the magnitudes of the differences for
those two indices (as reflected by their respective r
values). Fig- 5,A. shows that altholghrocks otr the east
erly clitT to! begin wdming up sooner than those on
the west, they are still relatively cool as the westerly
side shifls inro direcl sunlighr. Moreover. rhe temper-
. ,u  ( .  und<,  ,oc l .  u .ed b)  .nale.  a, i  mo (  e\<1ing
shi f teJ rh"n Jnu.eJ rur l .  oD $e $en \ r !e .  suppurr ine
the hypothesis thal slakes select retreat siles on the
basis of high evening lemleratures (Fig. 58).

Experimental canop! nanipulation

Canopy openness was increased by a! averaSe of 15
1 27. ibr our eight experimental rocks. which core
slondedto an averlgc increase of 1.410.3 MJ m rd '

i n  r a d i d r i o n  i n r c n ' i r ) .  T h e r e  q e r e  r o \ i g n i b c a n r r p r i o r i
differences between the two groups i! rock size. tem-
lenturc rcgimc, or caDopy opeDness (one{actor AN-
OvAs. Tukcy\ hsd. all P\ > 0.05). Average lenleF
atur€ differences between the groups as measured be-
fore aDd atier canopy removal had heterogeneous vaF
iances. and log transformation did no1 rehove rhe
heleioscedasLicity- However, ANOVA is usually robust
,o \ io ldr ionr  ot  r l 'e  d. rumpr ion o i  homoSenou\  r . r
ances when sample sizes are equl (Lirdnan 1974), so
we proceeded with rhe analyses. Rocks from both
groups were coldei over 24 h on the second day of
measurement than the first. due ro lower air tempera
tures. However. this deciease was smaller itr the ma
dpulated group than in the control group (onclactor
ANOVA. rr r! = 9.43, P = 0.008).

More striking was the differ€nce between the two
groups at dusk whereas a1l rocks in the control group
decreased in temperalure from the first day to tbe sec-
ond, all butonc rock iD the experimental gmup aclually
tr./ear?d in tenperature on the second day. and this
diff€rence between the two groups was again signifi-
can! (Fjg. 7i Fj.ja = 16.13, P = 0.001). Tbe mean
difference between the two groups in averige dusktem
peraNre was nedly 2oC (Fig. 7), which is similar in

70

60
G
9 5 0

o 3 0

8 2 0

.l

F
e
t

=
.9
E

E
=



2611 ROBERT M. PRINGLE ET AL, Eroloe! Vol. 84. No. l0

Frc. 4. The reladonship between incident
radialion inlensily and canopt openne$ for all
sampled rocts (, = l0?).
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magnitude to the thermal difference berween retroat
. i res md randor rock.  on rhe se{er)  ' ide (F i8.5r

Hence, an inoease in canopy openness of only -15',

had a biologically significant impact on rhe thernal
regimes of potential ret.eat sites.

DrscussroN

Even within a smau platean, there are substannal
vaiiations in hrbitat characteristics. This occured on
two differen! spatial scales within our study sites, bolh
broadly (between cliff tops with easlerly and westerly
aspects) and narrowly (at differen! points wilhjn rhe
westerly transecrs), and the coDsequences for ecto_
thermic venebrates were slriking. As suggested by a
previous radioielemetric study and sulported by thor-
ough searches of our study sites, neithet HoplocephaLut
bungatuid.s not any orhet noclunal reptiles setue on
rhe easl sides of the plateaus. despite the small dis-
tances beiween aspects and the abundance of otherwise
suitable rocks. The only reptiles that do occur on the
easterly cliff tops of these plateaus are diurnally bask-
ing species that ce exploit tlansient patch€s oftunliSht
,h 

 

hherrbrough r le  rh,ckercanoD) No.ru nr l  .pecie\
camot shuule belween sun and shade, and theirchoice
of retreat siles will effectively determine the r;nge of
body t€mperatures available to ihem during the day
' i thr  hour . .  tSdl  ,he.e rerreal  \ i te '  a ,e snong r5e
warmcst availablerocks anywhere on theplateaus sug
gests that thermally suiiable microhabitat is a limiting
rcsource for }l. Drr8aroles. In addition, our results
.no$ , l ' . '  e \ening .empera Ue\  Jre r ruc ia,  dcrermi-
nants of a retreat site s suitability.

The causalily ofroneat-site temperature is cobplex,
and it will rary witb such physical propellies as wind
speed dd direclion, reflectivity and niffotopogralhy
of rocks, evapoianon tom the rock surface. elc (Porter
and cares 1969, Huey et a]. 1989. Bakken 1992). It
would be difficltlt to measule these characteristlcs rn
the field and even more difficult to disentangle lheir
relative contribunons to retreaFsite temperature, How-
ever. it is clee that a subslantlal amount of variation
in temperature is driven direclli by differences rn the
amount of radialion incident upon the rocks, and that
the amoun! of radirnoD, in turn, is delermined by the
size and location of canopy gaps. The distinct diffei-
ences in temperature between our experimentally
trimmed and conliol groups of potential retreat sit€s
demonstfate that whatever other factors might be op-
erating, an inciease i! incident radiation can elevate
temperatures in biologically mea.inSful incremenls.

Previous work showed that rock thicktess affects
temperature at these sites. and that broad headed
snakes shelter beneath thin (<20 cn) rocks o! solid
rock substrate (Webb and Shine 1998.). Our decision
to sample only iocks that fit these criteria therefore
limited tempe.ature variarion. By ensuring that these
physical features of the rocks were relatively constant
1cross the categories, we were able to isolate the effects
ofvegetatior cover on rock temperature, This is nor ro
imply rhat there is complete thermal homogeneity un-
der individllal rocks; our aralysis does not exclude the
posribility of rhermoregulation r/r/ii, retlear sites
(Licht et al. 1966, Kearney 2002), which nay explain
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the snakes' prefeience for larger rocks (Dial 1978,
Keamey and Predavec 2000).

The difference in incident radiation botwee! used
and uiused retreat sites on the westerly transects was
greater and more consistent than the difference in can-
opy openness, and il persisted even when the an'dysjs
was ad.justed for tbe effects of overall canopy openness.
Hence. canopy openness is rhermally imporlanl only
insofar as it determines transmittod radialion. Sraied so
simply, this seems obvious (how could the presence of
s \anop) 8dp e\ef l  a  drrecr  e l lecr  o l  rempemrure in
and of itself?)- Nevefiheless. it suggests the need for
a slight modification of how we think about habitat
characteristics for nocturnal ectotherrns. Many studies
on habitat selection in reptiles have focused on the
Inporrdnce o l  canopy corer  d.  a ' r ru.  rurc '  te  U.e.  rhe
implication being thar structural characteristics, which
are relatively 'srable" over time, will be the stimuti

used as cnes in habitat sel€clion (Healwole 1977). This
has led to the adoption of a vernaculai that desclibes
habi ,a, ,  i .  e i rher  ' 'e \po 'ed or  '5haded ror  var ia
tions thereot, which is an oversimplification- A retreat
site might appear shaded (i.e., have higher absolute
canopy cover). but actually offer grealer thermal ben-
efits than a rock that appears more exposed, depending
on the location ofthe canopy gaps relative to th€ palh
of the sun.

The assumption lhal relative abundance of sun and
shade is the cue used to assess thermal suilabilily may
be Jn anr la( t  o f  lhe predon i r  ance ofd jumdl  organi \m.
in such studiesr th€ sunhhade dichotomy is apertectly
reasoDable criterion ro use in a model ofhabital selec
tion by black ra! snakes (Weatherhead and Charland
1985), wood turtles (Compton et al. 2002). or iguanid
lizards (Adolph 1990, Vitt et a1. 2002), but it has no
rneaning for species lhat only move and select habitat

Site 1 Site 2 Site 3 Site 4

Sile 1 Site 2 Site 3 Site 4
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ally fouDd sporLing beak ndks (J. K. webb. Peurial
.bservdtion). Il'there is a trade-off berween drermal
concerns and safety from pledators, then the optimal
rctreat site would no! be rhe rock with ihe highest can
opy openness, but thc rock with canopy gaps In.,red
so as 1o tranenit high levels ofradiatioD while retaining
some oflbeprotection against avian prcdators afforded
by vegelalion. Such a trlde-offbetween thornalbenefit
and predation risk has been demonstratcd in a sym
patric species of noctumal reptlle. rhe vclve! gecko
oedurc lesuzutii (Dowres and Shine 199E).

what $en does the relationship between vegetalion
density and retreat-site qDallty tneaD tbr H r"radro
tdrr as ar enddgered species? Scveral strdies havc
nnplicated suocessional vegetatioD changas in the lo.al
exlinclion ol rcltile topulatlotrs (B!llinger and Watts
1995, Fitch 1999. J:iggi and Baur 1999). btrt in e,ch
( a , p  r h e  p e c r c '  r u d i e d  , e . 9 . .  1 * ( a r " J , , o r l o a l i \ .
Coluber constrictot,Cro|dlus ho i.lus, an.l Sceloparus
andrldrrs in No.!b America: v?e.o arPls in EuroPe)
are very wide-ranging 8eogr4lnically. In coDtrast, a
few local extincrions of A ,&r3a'aid?r would rcsulr
in species exrincnon.

The issue of vegctative encroachncnt and habitat
availabiliry for this species ralses two questiors The
f i \ r  r .  r  herher  rhere r .  In-eed a , re,  d rowdJ , r . .  e  F ing
acgctation density in soudreastern Austrdia, as hy
pothesized by Flannery (1994)- Briefly, the explanation
tbr tbis lutative incredse in vegetation density rs trlat
the eliminatioD of Aboriginal landsclPe-burning prac-
lices (which had nainrained opcn woodland) since the
anlval ofEuropeans in Australia has allowed en.roach_
ment ofwoody vegetarion. This is a dlfficullhyPothesis
ro addfess quanlitatlvely, and effotLs to address irqual
itatively (by irteryrering the j oumals of e.rly eillorers i
e.g., Ryan et a]. 1995, Benson llnd Redpath 1997) hale
bee! subjeotile, acrimonious. dnd inconclusivc Nev'
ertheless, it is generally acccptedlhat burning was used
extensively by Aborigincs as a land management lool
(Bownan 1998). Furthern1ore, studies ofecolone sbifts

'1.0 1.5 2.O 2.5 3.0 3.5 4.0

Transmitted radiation intensity (l\,4J m+ d')

Frc. 6. Cofelation of (A) 24 h tempcmture average lnd
(B) dusL tempcmture arer4ewlth incidetrtradirtioninteNity

at night when there is neilber shade nor sun. Kearney
(2002) recognized this problem in his study ol'rerre,r
site selection by the nocturnal gecko Cili.'/irrs nal
nolatuJ: the degree of shading is ditficuh 1o estimate
for a gllen rock bccause it varies with ti e of day. It
seens llkely that. given a set of potcDtial rcLreat sites
wilh appropriatc orelice width, rock temperalure D the
evening (whe! snakes nove berwccn retrear sitet will
be the dominant proxlmal cue in habitaL selection by

Morcover. the ciassilication of habiiat simply as
'thaded' or "nor shaded mighl obscure subil€ yel
potentially inportant factors influencing habitat selec-
rion. For instance. it has becn hypotheslzed $at veg-
etatioD oover plays a crucial role in concealing snakes
from predators (Janzen 1976). Our srudy area supports
poluiations ol both diurnal (I)eceb 8i8as, Milrus
sphenurus, Fal.a subniset) and noctu.lal (Ntrrt tr/.,
tu .  I  ) ' , '  a lba)  bt rc '  n t  f tc) .  3  'd  .nbe'  ar(  . rc , . ion
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ir No h Aherica and northein Australia uslng histor
ical aerial photographs have clearly denonstrated in
creases in vegetation denslty and have attributed r,\em
to fire suppression practlces (Masretal. 1997. Bownu
et al. 2001). Morton Narional Park. the location ofour
strdy sites, was inhabited by several Aboriginal groups
at lbe tlme ofEuropean exploration (New SouthWales
Parks and Wlldlife Service 2001), and rve considef rt
quile likely rhal fire deterrence since European arival
has led to an lncreise in vegetation deNiry ir that area
as well. Objecrive efforts to addressthis issue arecleaF
ly needed to enhance our undefstanding of long'tcrm
habitat dynamics iD this dea.

The second qucstion is whether it is reasonable !o
assume that tuture canopy encroachment could have a
signilicant negativc impact upon lr. ,laaarcilas. This
seems a likely scenafio, especialiy whoD wc consider
the orher lactors affbcting habitat availability for Lhi!
species at thc macrohabitat Gidgetop) level. Of lbe total
number of rocks on ! given plateau. aplroxinately hal r
de on the easterly aspecl and thus are thernauy un
suitable as rctreat sites ior H. bungatui.les. Of rhe rccks
on rhe weslerly side, many are stolen (by bush rock
collectorsi see Shine et al. 1998), disturbed. or broken
(by reptile collectorsi see Webb et al. 2002d). Of the
relnaining wesLerly. undisturbed, and inract rocks, a
smallernumber are exposed to sufficient solar radiatio!
to be thermally suitable and most of ftese are within
several neters of the clifi edge. Furfiermore. not all
of the remaining westeriy, uDdisturbcd, int4ct, and the.-
nally suitlblc rocks will be alailable to a given srake:
individuals occuly distinot home ftnges, and two hales
will not cohabit the same a.ea o. relreat sile (webb and
Shitrc 1997a). This restriclion is inportantbecause sev'
eral adjaccnt rocks on a gilen stretch of cliil'lop nay
oftcn rcceive appropriate levels of radialion. Flnally,
thcre nay well be shared preference conpetilion (Ro-
senzweig l99l) for high-qualily retreat sites betweer
H. bunsaroides and the sympatiic smajl eyed snake
Rhinopbcephalus aigrcsc?rr (Webb et al.2002,: J. K.
Webb, uhpublishe.l.ldta). Under these conditions. un-
der and ove$tory encroachmeDt ofwcsrcrly ctitTlols
may welt be contibutirg signincantly to the decliDc of

Howevei, as demonstrated by our experimcntal ma-
nipulations, a modest increase i! canoly olcDncss can
increase ihe temperatures by an amouDt equivalont to
the temlerature differcncc bctween used and unused
retfcat sitcs, We do not adlocate drastic heasures (e.g..
trec tllling or burning): the sandstone ridges favored
by H- bungarci.les at. tich and fiagile ecosysLems, and
overzcalous effots in the nane of lbe broad-headed
snake may havc unintended and unfortunale conse-
quences for other species (sone of whlch are also en
dangcred: Burrows 2001l). Hopbcephellt:i buiSdro i.r.s
inhabits ldge dead t.ees during its slmmer migratlons
(Webb and Shine 1997r). ard would itself be senstlle
to misapplled forestry practlces. However, the cutting

of overhanging branchcs ald clcding of understory
weeds in tueas deemed impotant to H. bungaroides
could be an important toot in luture piaDs to 'nanage
nc ndb.rdr  ut  , l - , .  ,pr . ie . .  s f -c i [ ,  a l l \ .  rL1i .  orrn inS

can be aimed at vegetation 1() the west oflhe cllfflops,
particularly where lrees fron below the cliffare grow
ing u! to shade the crucial clitl edges. Such targered
nanagcment will confer the grealest anounl ollhermal
benelit to snakc habitat while causing mirimal dislur
bJncc ro rhc .unuunJing d, (a l r  .ou lJ  be * i .e  n
spread thcsc cfforts over several wetterly plateaus.
maintaining une.elatively open areas on each, as lhrs
would facilitate dispersal between plateaus and the es
Lablishmenl of stable subpopulations.

The snakes are extemely selective with respect to
Lhe physical properties of their retreat sites. The thrn
slabs of sandstone that weather and bieak off the pla
teau are unique in shape and it perfectly iDto L\e exact
spor on the underlying substrate whencethey sllit. Per-
sonal observations ind a previous study wir,\ concrctc
pave6 (Webb ard Shine 2000) indicate that whereas
geckos and invetebratcs arc Dot parliouldly selectile,
broad headed snakes de reluctant to shelter under wob-
bl]. ill-fitting rocks. tleDce. moling "new" iocks into
ideal locatiors to augment the habilat is probably nor

ln summdy. our study sutporLs the hypothesls rbat
vegetativc succession can hale a significant impact
upon habitat alailabillty for ectotherms by affecting
$e tlermal characreristics of potenriil habirats (Thom
as and Moris 1994, Meik et al. 2002). and that thN
impact is especialty profound for diurnally sheltering
species that canlol expioit traDsicnt patches of sun-
light. However we suggest that this relationship b
more complex rhar has traditionally been acknowl-
edged, and that precise methods of quantilicaLion nray
enable the detection of more subde aspccts of habitat
selection. Furthermore, webelievc thatour study high-
ligh$ fie impollarcc ofloDg-term natural hislory stud-
ics (c.g.. Fitch 1999) and objective environmenral hls.
tories in colserving biodiversily (Bownan 2001). A
better understanding of rhe relalionship between long
teN successional changes and habitat availabllity will
lcad to increaiingly eIficienl conservation plans for 11.
buasoi id , \  dnJ '  n i l .  'p<. ie \ .

\ u c  r ! " r  l  V .  r .  E  D \ i L \  .  r  J  f .  C .  B 1 .  ' o u  i o  h e i ' . . i
hnce, and M. t. Angilletta, D. H. Jozen, B. s. Mit.lrcll, and
J. R. Pringle lof .om€nls on the nanuscript. The ltudy was

ppoftcd by a gmnr io R. shine from the AusralidnReselrch
Council and by a Nla.s.rer M dleton Awlrd lor Conserva
tion from rhe Ausrrali.n Academy ol science to J. K. wcbb.
A1l research rvls caoed olt in a.cordarc€ sith Ncw soulh
w.les National Parks and wildlife Se.vice pemits.
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